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Abstract
The decay ψ ′ → π+π−π0 is analyzed using a sample of 14 million ψ ′ events taken with the BESII detector at the BEPC,
and the branching fraction is measured to be B(ψ ′ → π+π−π0) = (18.1 ± 1.8 ± 1.9) × 10−5. A partial wave analysis is
carried out using the helicity amplitude method. ψ ′ → ρ(770)π is observed, and the branching fraction is measured to be
B(ψ ′ → ρ(770)π) = (5.1 ± 0.7 ± 1.1) × 10−5, where the first error is statistical and the second one is systematic. A high
mass enhancement with mass around 2.15 GeV/c2 is also observed. Attributing this enhancement to the ρ(2150) resonance,
the branching fraction is measured to be B(ψ ′ → ρ(2150)π → π+π−π0) = (19.4 ± 2.5+11.5−3.4 ) × 10−5. The results will help
in the understanding of the longstanding “ρπ puzzle” between J/ψ and ψ ′ hadronic decays.
 2005 Elsevier B.V. Open access under CC BY license.From perturbative QCD (pQCD), it is expected that
both J/ψ and ψ ′ decaying into light hadrons are dom-
inated by the annihilation of cc¯ into three gluons or
one virtual photon, with a width proportional to the
square of the wave function at the origin [1]. This
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2 Current address: University of Michigan, Ann Arbor, MI
48109, USA.yields the pQCD “12% rule”
(1)Qh = Bψ
′→h
BJ/ψ→h =
Bψ ′→e+e−
BJ/ψ→e+e−
≈ 12%.
A large violation of this rule was first observed in de-
cays to ρπ and K∗+K− + c.c. by Mark II [2], known
as the ρπ puzzle, where only upper limits on the
branching fractions were reported in ψ ′ decays. Since
then, many two-body decay modes of the ψ ′ have been
measured by the BES Collaboration and recently by
the CLEO Collaboration; some decays obey the rule
while others violate it [3,4].
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cay mode and is of great interest to both theorists and
experimentalists. Many theoretical attempts, using, for
instance, intermediate vector glueballs, hadronic form
factors, final state interactions, etc., have been made
to solve the puzzle [5]. A recent calculation of the
ψ ′ → ρπ branching fraction, done in the framework
of SU(3) symmetry and taking into consideration in-
terference between ψ ′ resonance decay and the con-
tinuum amplitude, predicts a branching fraction of
ψ ′ → ρπ around 1 × 10−4 in Ref. [6] where the rela-
tive phase between ψ ′ strong and electromagnetic de-
cay amplitudes is taken as −90◦. The measurement of
the ψ ′ → ρπ mode is a direct test of the many models
proposed to solve the ρπ puzzle [5,6].
The data used for this analysis are taken with the
Beijing Spectrometer (BESII) detector at the Beijing
Electron Positron Collider (BEPC) storage ring op-
erating at the ψ ′ energy. The number of ψ ′ events
is 14 ± 0.6 million [7], determined from the number
of inclusive hadrons, and the luminosity is (19.72 ±
0.86) pb−1 [8] as measured using large angle Bhabha
events.
BESII is a conventional solenoidal magnet detec-
tor that is described in detail in Refs. [9,10]. A 12-
layer vertex chamber (VC) surrounding the beam pipe
provides coordinate and trigger information. A forty-
layer main drift chamber (MDC), located radially
outside the VC, provides trajectory and energy loss
(dE/dx) information for tracks over 85% of the to-
tal solid angle. The momentum resolution is σp/p =
0.017
√
1 + p2 (p in GeV/c), and the dE/dx res-
olution for hadron tracks is ∼ 8%. An array of 48
scintillation counters surrounding the MDC measures
the time-of-flight (TOF) of tracks with a resolution of
∼ 200 ps for hadrons. Radially outside the TOF sys-
tem is a 12 radiation length, lead-gas barrel shower
counter (BSC). This measures the energies of elec-
trons and photons over ∼ 80% of the total solid angle
with an energy resolution of σE/E = 22%/
√
E (E in
GeV). Outside of the solenoidal coil, which provides
a 0.4 Tesla magnetic field over the tracking volume,
is an iron flux return that is instrumented with three
double layers of counters that identify muons of mo-
mentum greater than 0.5 GeV/c.
A phase space Monte Carlo sample of 2 mil-
lion ψ ′ → π+π−π0 events is generated for the ef-
ficiency determination in the partial wave analysis(PWA). Monte Carlo samples of Bhabha, dimuon,
and inclusive hadronic events generated with Lund-
charm [11] are used for background studies. The
simulation of the detector uses a Geant3 [12] based
program, which simulates the detector response, in-
cluding the interactions of secondary particles with
the detector material. Reasonable agreement between
data and Monte Carlo simulation has been observed
in various channels tested [13], including e+e− →
(γ )e+e−, e+e− → (γ )µ+µ−, J/ψ → pp¯, and ψ ′ →
J/ψπ+π−, J/ψ → +− ( = e,µ).
The final state of interest includes two charged pi-
ons and one neutral pion which is reconstructed from
two photons. The candidate events must satisfy the fol-
lowing selection criteria:
(1) A neutral cluster is considered to be a photon can-
didate when the deposited energy in the BSC is
greater than 80 MeV, the angle between the near-
est track and the cluster is greater than 16◦, the
first hit of the cluster is in the beginning six radi-
ation lengths of the BSC, and the angle between
the cluster development direction in the BSC and
the photon emission direction is less than 37◦,
and the angle between two nearest photons is re-
quired to be larger than 7◦. The number of pho-
ton candidates after selection is required to be
two.
(2) There are two tracks in the MDC with net charge
zero. A track must have a good helix fit and sat-
isfy | cos θ | < 0.80, where θ is the polar angle of
the track in the MDC.
(3) For each track, the TOF and dE/dx measure-
ments are used to calculate χ2 values and the cor-
responding confidence levels for the hypotheses
that the particle is a pion, kaon, or proton (Probπ ,
ProbK , Probp). At least one track is required
to satisfy Probπ > ProbK and Probπ > Probp .
Radiative Bhabha background is removed by re-
quiring the tracks have small dE/dx or small
energy deposited in the BSC. Dimuon background
is removed using the hit information in the muon
counter.
(4) A four-constraint kinematic fit is performed under
the hypothesis ψ ′ → γ γπ+π−, and the confi-
dence level of the fit is required to be greater than
1%. A four-constraint kinematic fit is also per-
formed under the hypothesis of ψ ′ → γ γK+K−,
250 BES Collaboration / Physics Letters B 619 (2005) 247–254Fig. 1. Two photon invariant mass distribution after final selection for (a) ψ ′ data and (b) continuum data. The histograms are data, and the
curves show the best fits.
Fig. 2. Dalitz plots of π+π−π0 for (a) ψ ′ data and (b) continuum data after the final selection.and χ2γ γππ < χ2γ γKK is required to remove
K+K−π0 events.
(5) To remove background produced by ψ ′ decays to
γ γ J/ψ and π0π0J/ψ with J/ψ → π+π− or
J/ψ → µ+µ−, where the muons are misiden-
tified as pions, the invariant mass of π+π− is
required to be less than 2.95 GeV/c2.
After applying the above selection criteria, the in-
variant mass distribution of the two photons is shown
in Fig. 1(a). A clear π0 signal can be seen. A fit to the
mass spectrum (shown in Fig. 1(a)) using a π0 signal
shape determined from Monte Carlo simulation and a
polynomial background yields 260 ± 19 π0 events.
The contribution from the continuum is measured
using (6.42 ± 0.24) pb−1 [8] of data taken at √s =
3.65 GeV (“continuum data”). Fig. 1(b) shows the γ γ
invariant mass distribution and the fit. The number of
π0 events from the fit (10.0 ± 4.2) is subtracted inco-
herently from the number of π0 events in the ψ ′ data,
after normalizing by the ratio of the two luminosi-ties times a factor to account for the 1/s2 dependence
of the cross section. This yields 229 ± 23 observed
ψ ′ → π+π−π0 events.
Dalitz plots of the π+π−π0 system for the ψ ′ and
continuum data are shown in Fig. 2 after requiring
that the invariant mass of the two photons lie within
±30 MeV/c2 of the nominal π0 mass. (The mass reso-
lution from Monte Carlo simulation is 17.5 MeV/c2.)
For the ψ ′ sample, 250 events are obtained with 13%
non-π0 background, while for the continuum sample,
11 events are obtained with 42% non-π0 background.
Here the fractions of non-π0 background are obtained
from the π0 mass sidebands as shown in Fig. 1. In
ψ ′ decays, besides clear ρ bands at the edges of the
Dalitz plot, there is a prominent cluster of events in
the center. This is very different than the Dalitz plot
for J/ψ → π+π−π0 decays [14], indicating different
decay dynamics between J/ψ and ψ ′ → π+π−π0.
The comparison of the ππ mass distribution be-
tween the ψ ′ data and the scaled continuum data is
shown in Fig. 3(a). With the limited statistics, no
BES Collaboration / Physics Letters B 619 (2005) 247–254 251Fig. 3. (a) The comparison of the ππ mass distribution between the ψ ′ data and the scaled continuum data (shaded histogram, including about
42% non-π0 background). (b) The comparison of the ππ mass distribution between the ψ ′ data and the non-π0 background estimated by the
M
π0 sideband events (shaded histogram). Dots with error bars are ψ ′ data. In these plots, the distributions for the three different dipion charge
configurations are combined.clear structure can be seen for the continuum data in
Figs. 3(a) or 2(b). The ππ mass distribution of the
non-π0 background, estimated using the Mπ0 side-
band events, is shown in Fig. 3(b). The non-π0 back-
ground contribution for the ππ mass spectrum is ap-
proximately uniform.
We now proceed to study the resonant substruc-
ture. Here, no continuum subtraction is made, and
the selected events are fitted in the helicity ampli-
tude formalism with an unbinned maximum likelihood
method using MINUIT [15]. For the process
e+e− → γ ∗ → ρ(1−)+ π(0−)
↪→ π(0−)+ π(0−),
the intensity distribution dI for the final state is written
as
dI =
∑
i=±1
(|Ai |2 + |Ci |2
)
d(LIPS),
where Ci is an incoherent non-π0 background term,
that is assumed to be either a constant or to have the
same angular distribution as Ai . The differences be-
tween these two fits, 7.3% and 1.4% for ρ(770) and
ρ(2150) respectively, are taken as the systematic er-
ror on the background description. LIPS denotes the
Lorentz-invariant phase space, and the amplitude
Ai = A0i
(
π−,π+
)+ A+i
(
π+,π0
)+ A−i
(
π0,π−
)
,
where i = +1 or −1 is the helicity of the γ ∗, the first
pion in each set of parentheses is the one designated todefine the direction, and
Ac±1 = B
(
m2
)
sin θπ (cosφπ ± i cos θ sinφπ)e±iφ.
Here c = 0, +1, or −1 is the net charge of the dipion
system, θ and φ are the polar and azimuthal angles
of the ρ in the e+e− system, θπ and φπ are the polar
and azimuthal angles of the designated pion in the ρ
rest frame, and B(m2) describes the dependence of the
amplitude on the dipion mass m:
B
(
m2
)= BWρ(770)(m
2) +∑j cj eiβj BWj (m2)
1 +∑j cj
,
where, BW(m2) is the Breit–Wigner form of the
ρ(770) or its excited states. Here, the Gounaris–
Sakurai parameterization [16] is used; βj and cj are
the relative phase and the relative strength, respec-
tively, between the excited ρ state j and the ρ(770).
Since the number of events is limited, the masses
and the widths of all states in the fit are fixed to
their PDG values [17], and the number of background
events is fixed to the number determined from the
γ γ invariant mass fit. A fit with ρ(770), ρ(1450),
ρ(1700) and ρ(2150) results in insignificant ρ(1450)
and ρ(1700) contributions. The fit after removing
these two components yields a likelihood decrease of
10.7 with four less free parameters. The fit results are
shown in Fig. 4; the fit describes the data reasonably
well. It is noted that the data do not determine the mass
and width of the high mass ρ; the ρ(2150) serves as
an effective description of the high mass enhancement
near 2.15 GeV/c2 in ππ mass.
252 BES Collaboration / Physics Letters B 619 (2005) 247–254Fig. 4. Comparison between data (dots with error bars) and the final
fit (solid histograms) for (a) two pion invariant mass, with a solid
line for the ρ(770)π , a dashed line for the ρ(2150)π , and a hatched
histogram for background; (b) the ρ polar angle in the ψ ′ rest frame;
and (c) and (d) for the polar and azimuthal angles of the designated
π in ρ helicity frame.
Table 1
ψ ′ → π+π−π0 fitting parameters and the assumed values or fitting
results. For the assumed values (the numbers with no errors), the
values are taken from PDG [17] and fixed in the fit
Quantity Fit parameters
Mρ(770) (GeV/c2) 0.7758
Γ ρ(770) (GeV/c2) 0.1503
βρ(2150) (◦) −102 ± 10
Mρ(2150) (GeV/c2) 2.149
Γ ρ(2150) (GeV/c2) 0.363
B(3π) :B(ρ(770)π)
:B(ρ(2150)π)
1.0 : (0.28±0.03)
: (1.07 ± 0.09)
The fit parameters and results are given in Ta-
ble 1, where for results without errors, the parame-
ter is fixed. The fit yields (28 ± 3)% ρ(770)π in all
π+π−π0 events (corrected for detection efficiency).
By comparing the likelihood difference with and with-
out the ρ(770)π in the fit, the significance of e+e− →
ρ(770)π at
√
s = 3.686 GeV is 7.4σ and varies be-
tween 6.1σ to 7.7σ for the fit variations described
below in the determination of systematic errors. The
significance of ρ(2150)π is larger than 10σ . Adding
free parameters in front of the ρ+π− and ρ−π+ am-plitudes allows a test of isospin symmetry in the three
ρ(770)π modes; the fit yields the relative numbers of
ρ(770)0π0, ρ(770)+π− and ρ(770)−π+ events are
1 : 2.28±0.63 : 0.96±0.27, in fair agreement with the
expectation of 1 : 1 : 1. A fit with the ρ(770), ρ(2150)
and an additional P wave phase space shows that the
contribution of the direct 3π process is small.
The fit quality is checked using Pearson’s χ2 test
by dividing the Dalitz plots into small areas with at
least 20 events and comparing the number of events
between data and normalized Monte Carlo simulation.
A χ2/ndf = 14.6/7 = 2.1 is obtained, which corre-
sponds to a confidence level of 4%. A fit with the
ρ(2150) width or mass free; or a fit with ρ(770),
ρ(1450), ρ(1700), and ρ(2150); or even with an ex-
tra excited ρ state does not improve the fit quality
significantly. Considering these cases, the number of
ρ(770)π events changes by less than 9.1%, which
is included in the systematic error. The number of
ρ(2150)π events increases by 57% when other excited
ρ states are added in the fit due to the large destructive
interference between them; this is also included in the
systematic error.
Using the parameters of the fit in the Monte Carlo
generator, the efficiency of ψ ′ → π+π−π0 is esti-
mated to be 9.02%, and the corresponding efficiencies
for ρ(770)π and ρ(2150)π are 10.54% and 8.70%,
respectively. The efficiency is considered in the PWA.
Systematic errors in the ψ ′ → π+π−π0 branching
fraction measurement come from the kinematic fit, the
MDC tracking, particle identification, photon identifi-
cation, background estimation, continuum subtraction,
etc. Most of the errors are measured using clean exclu-
sive J/ψ and ψ ′ decay samples [14,18], while some
were described above. The uncertainty in the contin-
uum subtraction listed in Table 2 is the error of the
luminosity normalization factor between the contin-
uum and ψ ′ data. The fluctuation of the continuum
counts relative to the ψ ′ yield is taken into considera-
tion in the π+π−π0 event subtraction, so this error is
included in the first error of the following branching
fraction calculation.
To determine B(ψ ′ → ρ(770)π → π+π−π0) and
B(ψ ′ → ρ(2150)π → π+π−π0), we assume that the
ratios of branching fractions in Table 1 are the same
for the ψ ′ data as for the continuum cross sections and
use these ratios and the continuum subtracted B(ψ ′ →
π+π−π0) to obtain the desired branching fractions.
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Summary of relative systematic errors (%). (The sources marked with a * were treated in common for all three modes)
Source B(ψ ′ → π+π−π0) B(ψ ′ → ρ(770)π) B(ψ ′ → ρ(2150)π)
Trigger∗ 0.5 0.5 0.5
MDC tracking∗ 4.0 4.0 4.0
Kinematic fit∗ 6.0 6.0 6.0
Photon efficiency∗ 4.0 4.0 4.0
Number of photons∗ 2.0 2.0 2.0
Background estimation∗ 3.6 3.6 3.6
Particle ID∗ negligible negligible negligible
Total number of ψ ′ ∗ 4.0 4.0 4.0
Continuum subtraction∗ 3.0 3.0 3.0
Background shape in PWA no 7.3 1.4
Different PWA fits no 9.1 +57−0.0
Continuum resonant structure no 16.0 13.7
Total ±10.5 ±22.4 +59.3−17.5This subtracts the continuum with the stated assump-
tion.
For ρ(770)π and ρ(2150)π , the uncertainties asso-
ciated with the possibility of different resonant struc-
ture between the continuum and the ψ ′ data, 16.0%
and 13.7% respectively, and the uncertainties of fit-
ting with different high mass ρ states and with the
ρ(2150) width or mass free, etc., are also included.
Here, 16.0% is obtained from the difference of the
ψ ′ → ρ(770)π events between the ρ(770)π subtrac-
tion using the component ratio in the PWA and the
ρ(770)π subtraction estimated by CLEO-c’s contin-
uum measurement [4], and the 13.7% is the difference
of ψ ′ → ρ(2150)π events between the ρ(2150)π sub-
traction using the component ratio in the PWA and
CLEO-c’s zero subtraction of ρ(2150)π events. Ta-
ble 2 summarizes the systematic errors for all chan-
nels. The total systematic error for ψ ′ → π+π−π0 is
10.5%, and those for ψ ′ → ρ(770)π and ρ(2150)π
are 22.4% and +59.3−17.5%, respectively.
Using the numbers obtained above, the branching
fractions of ψ ′ → π+π−π0, ρ(770)π and ρ(2150)π
are
B(π+π−π0)= (18.1 ± 1.8 ± 1.9) × 10−5,
B(ρ(770)π → π+π−π0)
= (5.1 ± 0.7 ± 1.1) × 10−5,
B(ρ(2150)π → π+π−π0)
= (19.4 ± 2.5+11.5−3.4
)× 10−5,where the second errors are systematic, while the first
error of B(π+π−π0) is the statistical error which con-
tains the error from the continuum 3π yield subtrac-
tion; and the first errors of B(ρ(770)π → π+π−π0)
and B(ρ(2150)π → π+π−π0) are the combinations
of the PWA fit errors (shown in Table 1) and the first
error of B(π+π−π0).
Our B(ψ ′ → π+π−π0) agrees with the Mark
II [2] result within 1.8σ and agrees well with the
CLEO-c measurement [4]. Our B(ψ ′ → ρ(770)π) is
below the Mark II [2] upper limit and in agreement
with the model prediction of B(ψ ′ → ρ(770)π) =
(1.11 ± 0.87) × 10−4 [6]. This measurement is about
2σ higher than the result of CLEO-c [4]; this is due
to the different analysis procedure, namely the inter-
ference between ρ(770) and ρ(2150) considered in
this analysis but not in the CLEO-c analysis and the
difference in the continuum subtractions in the two
analyses. The continuum amplitude, which is con-
sidered incoherently in both analyses, could change
the ρ(770)π branching fraction due to interference
with the resonance [6]. This should be considered in a
higher statistics experiment [19].
Comparing with the corresponding J/ψ decay
branching fractions, it is found that both π+π−π0
and ρ(770)π are highly suppressed compared with
the “12% rule”, while for ρ(2150)π , there is no mea-
surement in J/ψ decays. It could be enhanced in
ψ ′ decays since the phase space in J/ψ decays is
limited due to the large mass of the excited ρ state.
Using the J/ψ and ψ ′ → ρπ branching fractions,
254 BES Collaboration / Physics Letters B 619 (2005) 247–254the ψ ′′ → ρπ branching fraction is expected to be
on the order of 10−4 and the e+e− → ρπ cross sec-
tion at
√
s = 3.773 GeV extremely small in the S- and
D-wave mixing model [20], which is proposed as a
solution of the ρπ puzzle in ψ ′ decays.
In summary, ψ ′ → π+π−π0 is analyzed and
the branching fraction is measured to be B(ψ ′ →
π+π−π0) = (18.1 ± 1.8 ± 1.9) × 10−5. ψ ′ →
ρ(770)π is observed in ψ ′ decays, and the branch-
ing fraction is measured to be B(ψ ′ → ρ(770)π) =
(5.1 ± 0.7 ± 1.1) × 10−5. A high mass enhancement
at mass around 2.15 GeV/c2 is also observed. Using
the ρ(2150) to describe this resonance, the branch-
ing fraction is measured to be B(ψ ′ → ρ(2150)π →
π+π−π0) = (19.4 ± 2.5+11.5−3.4 ) × 10−5. The results
will help in the understanding of the longstanding “ρπ
puzzle” between J/ψ and ψ ′ hadronic decays.
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